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ABSTRACT 


The results of an aerodynamic performance evaluation of 
the National Aeronautics and Space Administration 
(NASA)/Ames Research Center Advanced Concepts’ Flight 
Simulator (ACFS), conducted in association with the Navy- 
NASA Joint Institute of Aeronautics, are presented. The 
ACFS is a full-mission flight simulator which provides an 
excellent platform for the critical evaluation of emerging 
flight systems and aircrew performance. The propulsion and 
flight dynamics models were evaluated using classical flight 
test techniques. The aerodynamic performance model of the 
ACFS was found to realistically represent that of current 
day, medium range transport aircraft. Recommendations are 
provided to enhance the capabilities of the ACFS to a level 
forecast for 1995 transport aircraft. The graphical and 
tabular results of this study will establish a performance 


section of the ACFS Operation's Manual. 
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I. INTRODUCTION 


A. BACKGROUND 

The design of current aircraft flight stations has 
evolved through the incorporation of improved or modernized 
controls and displays for individual systems. In most 
instances, new displays and controls have simply replaced 
outmoded units. This ad hoc process has not only produced a 
conglomeration of knobs, switches, and displays but has also 
frequently resulted in high crew workload, missed Signals, 
and misinterpreted information. Recent advances in flight 
station design, however, indicate that improved display and 
control systems will provide for safer and more efficient 
system operation through a reduction in clutter, and a more 
orderly and logical control of information to the flight 
crew. 

The Federal Aviation Administration (FAA) estimates that 
nationwide flight operations will nearly double by the year 
ZOO Ome Re Lo) |. Several systems currently under development 
dealing with this increase in air traffic include 
conflict-alert/conflict-advisory systems, traffic alert and 
collision avoidance systems, automated enroute air traffic 
control systems, and improved communication and navigation 
systems. Each of these systems will have a major impact on 


aircraft and aircrew operating procedures, yet only a few 


es 


will immediately replace an existing system. Because of 
the dramatic advances in electronic and computer technology, 
it is imperative to assess the impact of new systems on crew 
performance in order to optimize the flight station design. 

The Advanced Concepts Flight Simulator (ACFS) is a 
full-mission flight simulator which incorporates the real 
world factors that a flight crew would encounter on an 
operational mission, and, as such, is an excellent research, 
development, and testing device. A very realistic 
environment can be provided for aircrew to check the 
feasibility and acceptability of emerging crew systems 
before the expensive, detailed design process for that 
aircraft occurs. 

This report presents the results of an aerodynamic 
performance evaluation of the National Aeronautics and Space 
Administration (NASA)/Ames Research Center Advanced Concepts 
Flight Simulator, conducted in Association with the 
Navy-NASA Joint Institute of Aeronautics. The ACFS is part 
of the Man-Vehicle Systems Research Facility at NASA/Ames. 
The propulsion and flight dynamics models were evaluated 
using classical flight test techniques as described in the 
body of this report. It is intended that the graphical and 
tabular results of this report be used to establish a 
performance section of the ACFS Operations Manual. 

The performance evaluation was conducted over a four 


month period ending in April 1987. Over forty hours of 
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Simulated flight time were accumulated in the course of this 


evaluation. 


B. GENERAL DESCRIPTION OF ACFS 

The Advanced Concepts Flight Simulator is designed to 
Simulate a wide-body, T-tail, low wing transport aircraft 
with twin turbofan engines and a crew of two (Figure 1). It 
was formulated and sized based upon projected user needs for 
the year 1995 and a forecasted technology cutoff date of 
1990 (Ref. 1]. The aircraft has a maximum gross take-off 
weight of approximately 224,000 pounds, carries a payload of 
60,000 pounds, and can accommodate up to 200 passengers. 

The aircraft has a conventional planform, high aspect 
ratio, swpercritical wing. The flight control system 
utilizes conventional flight surfaces with stability 
augmentation provided in all three axes. All flight control 
surfaces are powered by electrical actuators and controlled 
by a digital fly-by-wire/light system. Manual flight 
control is accomplished through side stick controllers, 
which provide rate commands to the control system. This 
system replaces the conventional yoke system used in most 
current aircraft. 

The cockpit is configured in a desk-top arrangement, 
with control display units and keyboards in front of each 
pilot, a side stick controller outboard of each pilot on the 


desk-top, and five cathode ray tubes for the interchangeable 
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Figure 1. Generic Aircraft Layout 
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Giselay ©or  FfilmGght, navigation, and aircraft systems 
information (Figure 2). 

The ACFS is deSigned to operate at one of five 
selectable take-off gross weights, from 150,000 to 220,000 
pounds. Each gross weight selection has a preset onboard 
fuel and payload weight that is normally not altered. A 
complete listing of ACFS design characteristics is contained 


in Appendix A. 


Cae PRE-TEST PREPARATIONS 
As an aid to data reduction, several lines of computer 
code were inserted into the ACFS flight dynamics module, a 


FORTRAN program which executes the aircraft six degree-of- 


freedom equations of motion. The program uses forces and 
torques from the aerodynamics, ground dynamics, and 
propulsion programs, as well as weight, inertia, and 


environmental data to calculate the aircraft position, 
attitude, rates, and accelerations. The additional code 
provides the advantages of both standardizing the overall 
data reduction process and eliminating the need for most 
hand calculations outside the program. Appendix B contains 
the additional lines of code and definitions of each 
variable used in the code. 

A debug page containing twenty variables was constructed 
in order to allow for easy access to the model variables 
(Figure 3). Prior to each test run, the debug page was 


called up and displayed on a computer screen in the aft 


I 





Figure 2. ACFS Flight Station Layout 
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LINK-DEPUG PAGE FILE PHOTO GENERATOR 


CYCLE # = 00001C99 

FRAME # = 07 

CRT & = a 
Od **kPERFORMANCE VARIABLES 
OFF O1 EQTFF TOTAL FUEL FREEZE 
40.3947292 02 bITCG AIRCRAFT CENTER OF GRAVITY 
37170.4926 O3 ENPRALT PRESSURE ALTITUDE 
1€5.592136 O4 ENIAS INDICATED AIRSPEED 
8066.47656 OS PRTHRUS THRUST PER ENGINE 
109.010786 O06 ENQ DYNAMIC PRESSURE 
0.77634946 O07 AOCL LIFT COEFFICIENT 
0.05148416 08 AOCD DRAG COEFFICIENT 
3040.78886 O9 PRFF FUEL FLOW PER ENGINE 
4.29083346 10 FDALPDG AIRCRAFT ANGLE OF ATTACK 
0.58907346 11 ENMACH MACH NUMBER 
3503.34616 12 TIME LOCAL- RMFDY Eb 15C5C CPU 4 
9.0000000 13 DISTANC LOCAL- RMFDY EW iSBF4 CPU 4 
12178.2506 14 DRAG LOCAL- RMFDY EW 15BFO CPU 4 
12.0532516 15 PSUBS LOCAL- RMFDY EW 15C4C CPU 4 
-56.500000 16 ENTA AMBIENT TEMPERATURE 
0.37696616 17 TSFC LOCAL- RNFDY  Ebl 15C60 CPU 4 
1638.09496 18 RANGE LOCAL- RMFDY EW 15C58 CPU 4 
184992.81 19 WIGRHT GROSS WEIGHT 
0. 00000000 20 EQDLTMP TENP DIFFERENCE FROM STANDARD 
SOL 
Ae f 
Tas 

Figure 3. Performance Variable Debug Page 
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section of the ACFS flight deck. The variables are updated 
approximately once per second during ACFS- operation. 
Throughout each profile flown, the simulation was frozen at 
periodic intervals, and a hard copy of the debug screen was 
sent to a printer. At the termination of the flight, the 


data printout was collected and prepared for reduction. 
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A. THEORY 

Aircraft stall characteristics represent one of the most 
important parameters to be obtained in a_e performance 
evaluation. The aerodynamic lift characteristics of an 
alrcraft are portrayed by the curve of lift coefficient 
versus angle of attack. For a given aerodynamic 
configuration, the lift coefficient will increase with angle 
of attack until the maximum value of lift coefficient is 
reached. A further increase in angle of attack results ina 
stalled condition and a subsequent decrease in lift 
coefficient. Since the maximum lift coefficient corresponds 
to the minimum speed available in flight, it is an important 
point of reference. The stall speed of the aircraft in 


level, one "g" flight is defined by the equation [Ref. 2]: 


R= 17 eWAKe™ axl) (1) 
where: 
Ve mecca Fb eSpeed suNrsS} 
W = gross weight (lbs) 
Cave ax Mune titi coehitcr1ent 
O = density ratio 
S = wing area (sq. ft.) 


Zel 


For an aircraft loaded at one center of gravity (cg) 
location, the stall will occur at the same coefficient of 
lift regardless of the aircraft gross weight. Unless large 
thrust effects are present, the stalling airspeed will vary 
with the square root of the aircraft gross weight. Another 
factor which influences stall speed is altitude. As 
altitude increases, the maximum lift coefficient decreases 
because of Reynolds number and Mach number effects. These 
factors account for an increase in stall speed as altitude 
increases; however, this effect is usually negligible for 
altitudes below 10,000 feet. 

The primary purpose of high lift devices such as wing 
flaps and slats is to increase the Cy, may and to reduce the 
stall speed of the aircraft. As a result, normal take-off 
and approach speeds can be reduced when the high lift 
devices are deployed. However, the contribution of high 
lift devices must be considerable to cause a large reduction 
in stall speed. For example, in order to reduce the stall 
speed by 30 percent, a 100 percent increase in Cy, may must 


be achieved through the use of high lift devices. [Ref. 2] 


B. TEST PROCEDURES 

The objective of stall speed testing is to accurately 
define the steady state stall speed. However, this stall 
speed must be approached at a defined airspeed deceleration 
rate. The FAA requires that the airspeed bleed rate at the 


stall condition be one Knot per second or less [Ref. 3]. 


Ze 


Airspeed bleed rates in excess of one knot per second can 
adversely effect the test results due to the presence of 
non-steady aerodynamic flow effects. This deceleration rate 
was established as a primary requirement during the stall 
testing. 

All approach configuration stall test profiles were 
flown at a gross weight of 185,000 pounds and at an altitude 
of 5000 feet. The flight technique utilized was to trim the 
aircraft at approximately 200 KIAS for straight and level 
Pies hit . The power was then reduced accordingly so as to 
establish an airspeed bleed rate of one knot per second or 
less. Back stick was applied to maintain altitude, and care 
was taken not to trim into the stall. The primary attitude 
reference was provided by cockpit instrumentation since the 
ACFS night visual simulated horizon was insufficient for 
adequate attitude information. At approximately every five 
knots of reduction in airspeed, the simulation was frozen 
and a hard copy of the debug screen recorded. The first 
indication of stall onset in the cockpit was a noticeable 
requirement for increased back stick in order to maintain 
altitude, followed immediately by a corresponding increase 
in the rate of descent. There appeared to be very little 
warning via visual clues of this nose down pitching moment. 
Recovery from the stall was initiated by simply reducing the 
back stick pressure to decrease the angle of attack. imohblig 


approach configurations were flight tested (all four with 
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landing gear down): landing flaps (404— take-off/approach 
flaps (27°), lift, tailoring flaps (5"))) and=tlapseucee 
"Clean" stall profiles, with landing gear and flaps up, 
were also conducted at altitudes of 5000, 20,000, 30,000, 
and 41,000 feet. The methods of entry into the stall and 
data collection were the same as mentioned above. During 
all stall flight profiles flown, the on-board fuel was 
frozen via a debug screen command. This effectively 
eliminated any variation in aerodynamic parameters due to 


changes in gross weight. 


C. Jha RESUS 

Figure 4 shows the approach configuration lift curve for 
the ACFS. These plots of lift coefficient versus angle of 
attack for the four selectable flap settings clearly 
demonstrate the primary purpose of high lift devices--to 
increase the maximum coefficient of lift, thus reducing the 
stall airspeed. As the flap deflection is increased, both 
the Cy, max and its corresponding angle of attack increase. 
It can also be noted that the slope of the linear portion of 
the lift curve decreases slightly with a reduction in flap 
deflection. The lift curve slope of a wing is directly 
proportional to that wing's area. As described in detail in 
Chapter VI, the fowler flaps on the ACFS effectively 
increase the wing area when deployed. As the _ flap 
deflection is decreased, the wing area decreases, thus 


decreasing the slope. [Ref. 4] 
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COEFFICIENT OF LIFT 


Figure 4. 





ANGLE OF ATTACK (deg) 


Approach Configuration Lift Curve 
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The lift characteristics in the clean configuration are 
shown) Inge coupes. As the altitude is increased, the 
CIT. max and the associated angle of attack both decrease. 
Since Cy, max iS in the denominator of equation (1), it 
follows that the stall speed will increase with an increase 
in altitude. 

The stall airspeeds for both approach and clean 
configurations are depicted in Figures 6 and “7, 
respectively. In the approach configuration, the effect of 
gross weight on stall speed is evident. At a flap setting 
of 40°, for example, a 22% increase in weight from 150,000 
to 185,000 pounds produces a 10% increase in stall speed. 
The data tend to verify a useful rule of thumb that 
expresses the weight effect on stall speed--a 2% change in 
weight causes a 1% change in stall speed [Ref. 2]. Figure 
7 illustrates the effect of altitude on stall speed in the 
clean configuration. At a gross weight of 220,000 pounds, 
the indicated stall speed increases from 156 KIAS at 5000 
feet to 160 KIAS at 41,000 feet. (Indicated airspeed is 
used here because that is the type of airspeed readout 
directly presented to the aircrew in the cockpit.) For 
comparison, the same two stall speeds in terms of true 
airspeed are 167 KTAS and 337 KTAS, respectively. The true 
airspeeds give a more positive indication of the effect of 


altitude on stall speed. 
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Figure 6. Approach Configuration Stall Speeds 
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Pit) LAKB=Orr PERFORMANCE 


Pee EL ORR Y. 

The take-off phase of flight is a condition of 
accelerated motion from the beginning of the take-off roll 
to the point of rotation and lift-off. The Key factors to 
be considered during take-off are: 


1. The take-off velocity, which is normally a function of 
the stall speed. 


2. The acceleration during take-off roll, which varies 
directly with the imbalance of forces and inversely 
with the mass ot the aircraft. 


3. The take-off distance, which is a function of both 
acceleration and velocity. [Ref. 5] 


The minimum take-off distance is a parameter of primary 
interest in the operation of any aircraft. For this flight 
profile, the aircraft must lift-off at a minimum safe speed 
which provides a sufficient margin above the stall speed, 
satisfactory control of the aircraft, and a desired initial 
rate of climb. 


The definitions of velocity and acceleration are: 


as 

ne (2) 
av 

ae ware i) 


Combining equations (2) and (3) yields: 


2 


ds = VV (4) 
a 





By integrating equation (4) between any two arbitrary speeds 


and distances, the following equation results: 


Da dv 
Sy = Sy = f a 


V a 
x 


(5) 


When considering the take-off ground run situation, the 
expression Sy-Sx can be replaced by Sg (ground distance), Vy 
goes to zero (no wind), and Vy is replaced by Viof (llEt-=ore 


speed). The equation now becomes: 


V 
lot Vv av 


S = 6 
E - 5 (6) 





The acceleration of an aircraft during the ground run may 
be determined by considering the forces acting on the 
alrcraft, as shown in Figure 8. The aircraft 1s seen to be 
under the influence of lift, drag, thrust, weight, and 
ground friction forces. Within the scope of this 
evaluation, the runway inclination (4) was set at zero and 
the coefficient of friction (u) was set at .02, the value 
for dry concrete. 


A balance of forces yields: 


Fa = Ma = (a (7) 


30 





‘ ts 
ome 
AGE horizontal 


| w(W-L) =F, $ 


W 
~~ 
Ws = 
a WP pap 


Figure 8. Forces present During Take-Off Roll 


Thus, 


7 ep WtweL) = (38 (8) 


Rearranging equation (8) produces: 


(2) 


a = (s)((T-UW) - (Cp-HCz) dS} 


Now substituting eguation (9) into equation (6) results lames 


Vio£ 

W we av 

g fl (3 (Crum) = (CC, ) a8) (10) 
istance. TO 


This is the general expression for take-off 4 


(10), the variation of thrust, weight, 


integrate equation 
drag, and Lift with velocity must be determined. In 
general, thrust is 4 function of Pe iocHice ma) & temperature, 


gut 


and pressure; weight will be very nearly constant for the 
ground run; and Cp and Cy;, will not vary throughout the 
ground run since the aircraft attitude remains constant 


until rotation. [Ref. 6] 


B. TEST PROCEDURES 

The ACFS take-off profiles were conducted at sea level 
at gross weights of 150,000, 185,000, and 220,000 pounds. 
The outside air temperature was set at -5°C, 15°C, and 35°C. 
This ensured that the effects of gross weight and density 
altitude on take-off performance could be completely 
observed. 

Once the simulator was configured for the proper gross 
weight and temperature, the parking brake was set, the nose 
trim was set at zero, and the power levers advanced to an 
engine pressure ratio (EPR) setting of 1.5. This setting 
was chosen to allow for a standardized power setting that 
could be applied during each of the nine runs. Prior £6 
brake release, the simulation was frozen, and a hard copy of 
the debug page was recorded. The brakes were then released 
Simultaneously as the simulator was taken out of the freeze 
mode. This procedure ensured that the simulator frame time 
constant commenced running just as the aircraft started to 
EOD. The simulation was again frozen at incremental 
airspeeds of 20 to 25 knots between brake release and 
lift-off No elevator commands were applied, and the 


aircraft accelerated until rotation and lift-off. Thais 
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ensured that the actual lift-off speed would be well in 
excess of the calculated take-off speed, thus providing data 


points up to and beyond the take-off speed. 


Cy lao) «RESULTS 

In Chapter II, stall airspeeds were computed for the 
various approach configurations. These stall speeds were 
then used to establish speeds at which the aircraft will 
rotate and take-off, using the following criteria for 


Ciamsport aircraft [{Ref. 7]: 


and 
ae telaoe ve el) 
where 
Ve = stall airspeed 
V> = take-off climb airspeed 
Vr = rotation airspeed 


The next step in the data reduction process was to plot 
take-off velocity as a function of time from the data points 
on the debug page printouts (Figures 9, 10, and 11). It can 
easily be seen from the plots that the take-off roll 


acceleration decreases with an increase in outside air 


33 


VELOCITY (ft/sec) 


Figure 9. 


GROSS Wt: 150,000 Ibs 





TIME (sec) 


Take-Off Roll 


34 


Acceleration (150,000 


Ibs) 


VELOCITY (ft/sec) 


Figure 10. 


GROSS Wt: 185,000 Ibs 





TIME (sec) 


Take-Off Roll 


35 


Acceleration (185,000 


Ibs) 


VELOCITY (ft/sec) 


Figure 11. 


GROSS Wt: 220,000 Ibs 


Take-Off 


TIME (sec) 


Roll Acceleration 


Sic 





(220,000 


Ibs) 


temperature (for a given gross weight at a given pressure 
altieuae) . Next, the take-off distance for each case was 
determined. Using the example of a 150,000 pound aircraft 
at -5°C, the following equation was produced with the aid of 
a graphics package software third-order polynomial curve- 


fitting routine to approximate the curve in question: 


V = -.03 + 19.966t - .341t2 + .0025t2 (ale) 


Now, since 


N 
ll 


pevede (14) 


where 


distance 


N) 
Il 


an equation showing distance as a function of time can be 


determined by integrating equation (13) to obtain: 


Ss = -.03t + 9.983t2 - .1137t3 + .00068t4 (15) 


For a gross weight of 150,000 pounds at -5°C, Vz was 
calculated to be 121 KIAS. This converts to 204.4 ft/sec. 
Substituting this value into equation (13) and solving for 


time by iteration yields a value of 12.7 seconds. This is 


a7 


the time it takes to accelerate from the brake release 
condition to an airspeed of 121 KIAS. This time of 12.7 
seconds can now be substituted into equation (15) to produce 
the take-off roll distance, which in this case is 1493 feet. 
By means of this process, take-off roll distances were 
calculated for the three gross weights of 150,000, 185,000, 
and 220,000 pounds, at outside air temperatures of -5°C, 
15°c, and 35°C. 

In order to provide performance data that covered the 
entire operating envelope of the ACFS, it was determined 
that performance parameters would be required for the 
additional selectable gross weights of 165,000 and 200,000 
pounds. Additionally, all five gross weight selections 
should be examined at pressure altitudes up to 5000 feet. 
To calculate these numbers by means of additional test 
profiles in the ACFS would have entailed many additional 
hours in the simulator. Instead, approximation methods were 
investigated to determine if acceptable results could be 
arrived at computationally, rather than experimentally. The 
fact that the take-off roll acceleration is not constant, as 
indicated by the non-linear curves in Figures 9, 10, and 11, 
quickly eliminated several common approximation methods. 

Lan and Roskam [{Ref. 6] describe an approximation method 
that is limited only by the assumption that the thrust 
varies linearly with the velocity squared. Figure 12 was 


constructed using data from the case of the 150,000 pound 
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Thrust During Take-Off Roll 


oo 


125000 


alreratt atv 5716. It indicates that there is in fact a 
nearly linear relationship between thrust and velocity 
squared during take-off. The approximation method is based 


on the following equation: 


iz 

‘Gest 

F 
m 





(16) 


iQ 
Ny 
alz 


where Fy, can be regarded as the average net force for 





acceleration: 
1 - Flof 
F 
Qn = 
Tot 
With: 
F. = T= UW 9 at even (18) 
Fiof = T= D = EHW=L) (ate - Fa. (19) 


To verify the accuracy of this method, the computed 
results from equation (16) were compared with those 
determined experimentally in the simulator. Take-off 
distances (Sg) were computed for each of the nine previous 
take-off profiles, and all computed distances were found to 


be within 4% of the actual profile distances. Therefore, it 
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was determined that this method would indeed provide 
adequate results for inclusion in this report. Figure 13 
was constructed from existing data so that stall speeds for 
165,000 and 220,000 pounds could be extrapolated. The data 
verified that both C;, and Cp remained constant throughout 
the take-off roll. The thrust available at brake release 
was also constant for a given temperature. Through the use 
of equation (16), it was now possible to compute Sg for 
gross weights of 165,000 and 200,000 pounds, based on the 
acquisition of the above mentioned variables and constants. 
A similar procedure was followed in order to produce 
performance parameters for varying pressure altitudes. A 
change in pressure altitude directly affects two variables: 
thrust and dynamic pressure (q) [Ref. 2]. With an increase 
iieabltacuae, a turbojet's thrust output, for a constant 
engine RPM, decreases (Figure 14). This thrust ratio (as 
shown on the y-axis) can be used to directly determine the 
corresponding thrust at a particular pressure altitude. The 
dynamic pressure varies directly with the density ratio as 
pressure altitude increases. This relationship was used to 
produce the dynamic pressure corresponding to a particular 
pressure altitude. These variables, along with the 
previously mentioned constants, were applied to equation 
(16) in order to produce performance data for various 
pressure altitudes. To verify the accuracy of this method 


with regard to varying pressure altitudes, two profiles each 


41 


Stall Airspeed (KIAS) 


130 


Flap Setting: 27° 


110 a 
f y = 42.5306 + 4.510e-4x 


140000 160000 180000 200000 220000 240000 





100 


Gross Weight (Ibs) 


Figure 13. Stall Airspeed vs. Gross Weight 
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5000 


Altitude 


6000 


at altitudes of 3000 and 5000 feet were conducted in the 
simulator and the experimental results compared to those 
computed with equation (16). In each case, the computed 
results were within 5% of the experimental values. 

Figure 15 contains take-off performance data for a 
pressure altitude of sea level. Similar figures for 
altitudes of 1000 through 5000 feet are contained in 


Appendix C. 
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IV. CLIMB PERFORMANCE 


A. THEORY 

In analyzing climb performance, it is useful to consider 
the aircraft from the standpoint of total energy (TE), which 
is the sum of potential (PE) and kinetic (KE) energies. The 
total energy of an aircraft at a given weight (W), airspeed 
(V), and altitude (h) is [Ref. 8]: 
W 


TE = KE + PE = Wh+ (x5) V" (20) 


Dividing through by W defines the energy height: 


NO 


Eh = = = h+ 


< 


(21) 


= 
NO 
iQ 


Energy height, or specific energy, can also be interpreted 
as energy altitude; that is, the altitude which could be 


obtained if all the Kinetic energy were perfectly converted 


to potential energy. Differentiating equation (21) 
produces: 
Fh = Gh, (Y, dv (22) 
dt dt g’ dt 


Consider the aircraft in Figure 16 in climbing flight 


where the thrust (T) is assumed to be along the flight path: 
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Figure 16. Free Body Diagram 


Summing the forces along the flight path direction 
produces: 
LE W, dv 
F D W cos 6 a “ee aie (28) 
Rearranging: 
sing + (4t)M = (t-ayw (24) 
G wd 
Noting that: 
dh 
dt 
SaGaee — ear (25) 
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Substituting equation (25) into (24) “and Smuleiply iq, a 


yields: 


dh Ee i) av _ V(T-D) (26) 


There now exists an expression for the aircraft's excess 


power: 
V(T - D) 


With regard to equation (22), specific excess power can be 


defined as: 


V(T-D) _ gh, (V) av 
The flight profile utilized to determine the climb 
performance of the ACFS was the level acceleration run. The 


level acceleration profiles provided necessary data to 


determine the variation of excess power with airspeed. 


B. TEST PROCEDURES 

Level acceleration flight profiles were conducted at a 
gross weight of 185,000 pounds at the following altitudes: 
5000, 10,000, 20,000, 30,000, 35,000, 37,000, 39,000, and 
41,000 feet. For comparison purposes, additional runs were 
made at gross weights of 150,000 and 220,000 pounds at 


altitudes between 35,000 and 41,000 feet. 
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During all acceleration runs, a total fuel freeze was 
enabled to eliminate the problem of accounting for 
Variations in gross weight during testing. At each selected 
altitude, the aircraft was established in straight and level 
Flight as close to the minimum flying airspeed as possible. 
The altitude hold on the autopilot was then engaged, a hard 
copy of the debug page recorded, and the throttles advanced 
to full power. After the thrust stabilized, the simulation 
was frozen and data was recorded at approximately 15 to 25 
knot intervals. After each subsequent run, the autopilot 
was disengaged and the aircraft flown to the next test 


altitude. 


eeebeon RESULTS 

The specific excess power derived from each acceleration 
run conducted was first converted into rate of climb 
potential by multiplying by a factor of 60, since aircraft 
rate of climb is normally measured in feet per minute. 
Figures 17 and 18 depict the rate of climb potential for a 
185,000 pound aircraft at altitudes from 5000 to 39,000 
feet. The maximum rate of climb decreases accordingly with 
an increase in altitude, and the Mach number associated with 
that maximum rate of climb increases with altitude. For 
example, the maximum rate of climb at 5000 feet is 6600 
ft/min at M = .50, compared to 560 ft/min at M = .68 for an 


altitude of 39,000 feet. 
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Figure 17. Rate of Climb Potential (185,000 Ibs) 
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Figure 19 demonstrates the effect of gross weight on 
rate of climb at a given altitude. At 41,000 feet, the 
maximum rate of climb varies from 1320 ft/min for a 150,000 
pound aircraft to 475 ft/min for a 220,000 pound aircratt. 
Of particular note is the fact that the Mach number 
associated with the maximum rate of climb for each gross 


weight (M = .70) is approximately constant. 
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V. CRUISERPEREGRMANCE 


Aw = THEORY 

For an aircraft to fly a given distance, fuel energy 
must be converted into propulsive work. Since turbojet 
engines are rated in terms of thrust, the rate of change of 


aircraft weight can be written as: 


aW = -TSFC(T dt) (28) 


where: 
TSFC = thrust specific fuel consumption in pounds of 
fuel per second per pound of thrust 
T = total thrust. 

Hence: 
cs _ eae (29) 
dw (TSFC) T 

and 
dt . 2m (30) 
dw (PSPC) ag 


In level, unaccelerated flight, the thrust can be 
replaced by the drag, and the flight speed can be expressed 


in terms of W and Cy: 
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E 
Pie (31) 


rF 
ll 


and: 


V =A CWaGeech (32) 


Equation (29) can now be written as: 


d =] pee. Ey, VC. 
aw 7 OTSEC 27 TAPS) (=) oe 


This expression indicates that at a given altitude and 
weight, the maximum range occurs when /Cyj/Cp is a maximun. 


Integrating equation (6) results in: 


eG ee ae 
Range ——_—_ = (34) 
(mame. mi.) TSFCY0S ~D VW 


Equation (34) is known as Breguet's range equation. 
Note that op appears in the denominator. This is a 
fundamental reason why high cruising altitudes are carefully 
selected for jet aircraft when good range performance is 
required. An increase in altitude will also improve engine 
performance in two respects. First, an increase in altitude 
(when below the tropopause) will provide lower inlet air 
temperatures, which in turn reduce the TSFC. A second 
benefit is due to the increased engine RPM required to 


furnish cruise thrust. An increase in engine speed to the 
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normal rated value will reduce the TSFC. The combined 
effect of these factors defines altitude as the most 
important item affecting the range of a turbojet aircraft. 
[Ref. 7] 

It should also be noted that when flying at a constant 
altitude and lift coefficient, equation (32) indicates that 
the flight speed must be steadily reduced as fuel is 
consumed in order to maintain a profile for maximum range. 
While a constant altitude cruise may be necessary due to Air 
Traffic Control (ATC) restrictions, this flight profile 
constitutes a certain inefficiency of operation § for 
transport aircraft. If the aircraft were not restricted to 
a particular altitude, a more efficient flight profile could 
be flown by maintaining the same Cy;, and engine RPM and 
allowing the aircraft to climb as the gross_ weight 


decreases. 


B. wtIEST PROCEDURES 

In order to provide reliable data, cruise performance 
test profiles must be evaluated at a constant referred gross 
weight (W/S), where 6 is the pressure ratio. § is kept 
constant by maintaining a constant altitude; in actual 
flight, however, it is not possible to keep W constant since 
fuel is continually consumed. Therefore, the ratio is 
maintained by varying the altitude throughout the profile. 


In the ACFS, this problem was easily overcome through the 
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use of the total fuel freeze function, thus maintaining a 
constant gross weight throughout each profile. 

The stabilized flight profile method was used to 
determine aircraft range. At a gross weight of 185,000 
pounds, profiles were conducted at altitudes of 5000, 
10,000, 20,000, 30,000, 35,000, 37,000, 39,000, and 41,000 
feet. For comparison purposes, profiles were also flown at 
gross weights of 150,000 and 220,000 pounds at altitudes 
between 30,000 and 41,000 feet. The stabilized method 
involved trimming the aircraft in level, wunaccelerated 
flight at several airspeeds between Vyiy, and Vmax. The ACFS 
was considered to be in unaccelerated flight when the 
absolute value of the specific excess power (which was 
displayed on the debug page) was less than one. Each 
successive trim point, at a given altitude, was obtained by 
advancing the throttles a small amount and allowing the 
specific excess power to stabilize within limits. A copy of 
the debug page was recorded at each trim point. After the 
final test point at each altitude, the aircraft was flown to 


the next altitude, and the process repeated. 


Gwe leolt RESULTS 

Figures 20 and 21 represent the range performance of the 
ACFS at a gross weight of 185,000 pounds. These plots 
indicate that, for a given gross weight, the range increases 


correspondingly with an increase in altitude, from 1300 
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Figure 20. Best Range at Altitude (185,000 Ibs) 
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Figure 21. Best Range at Altitude (185,000 Ibs) 
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nautical miles at 5000 feet, to 2300 nautical miles at 
41,000 feet. It can also be noted that the best cruise Mach 
number (flown to achieve maximum range) also increases with 
altitude, from M = .32 at 5000 feet, to M = .70 at 41,000 
feet. 

The range performance of the ACFS for gross weights of 
150,000 and 220,000 pounds is contained in Figures 22 and 
23, respectively. These graphs indicate that for a 
particular altitude, range increases accordingly with an 
increase in gross weight (due to the onboard fuel increase). 
For the 220,000 pound aircraft, it should be noted that the 
maximum range at 39,000 feet decreased from the value at 
37,000 feet. At heavy gross weights, there exists an 
optimum altitude above which the range will decrease. For 
the lesser weights, the optimum altitude was at or above the 
highest altitude tested of 41,000 feet. It should be 
reemphasized that each gross weight tested contained a 
preset fuel load, from 10,000 pounds for a gross weight of 
150,000 pounds, to 42,500 pounds for a weight of 220,000 
pounds (Appendix A). 

Figure 24 includes the recommended best cruise Mach 
number and altitude to achieve maximum range for each 
selectable gross weight. The values for gross weights of 
165,000 and 200,000 pounds were established through 
interpolation between the tested gross weights. The maximum 


range did increase linearly for aircraft gross weights of 
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Figure 22. Best Range at Altitude (150,000 Ibs) 
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150,000 to 220,000 pounds. This figure also illustrates 
that the best cruise Mach number is relatively constant 
throughout the range of gross weights. 

The absolute range shown in Figure 24 is the value 
produced by Breguet's range equation, which neglects any 
fuel consumed during climb or descent and assumes that all 
fuel onboard was burned at altitude. In order to arrive at 
a more realistic number, the actual range is defined as the 
range from take-off to landing, with the following 
assumptions: 10% of the fuel was used for taxi, take-off, 
and climb to altitude; 5% for enroute descent, approach, and 
landing; and 10% in reserve for enroute delays’ and 


proceeding to an alternate airfield. 
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VI. APPROACH AND LANDING PERFORMANCE 


ma HIGH LIFT DEVICE THEORY 

In order to increase the lift coefficient of a wing, the 
circulation of the air around the wing must be increased, or 
the airflow separation on top of the wing must be delayed to 
prevent an early stall. The circulation may be increased by 
both increasing the wing angle of attack and increasing the 
camber in the region of the trailing edge of the wing. A 
trailing edge flap effectively increases the airfoil camber 


and increases the circulation, thus resulting in an increase 


in Cy. Leading edge slats are commonly used in conjunction 
with trailing edge flaps to delay airflow separation. [{Ref. 
9] 


The ACFS employs multiple-slotted fowler flaps and 
extendable leading edge slats. Slotted fowler flaps provide 
slots between the main portion of the wing and the deflected 
flap section. The slots provide a form of boundary-layer 
control by ducting high-energy air from the lower surface to 
the upper surface and directing this air in such a manner as 
to delay flow separation over the flap. In addition, the 
flap surfaces move backward as well as downward when 
deployed. This aft movement results in an effective 


increase in total wing area. In addition to reducing flow 
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separation, the leading edge slats help to counter the 
pitching moment effects of the large trailing edge flaps. 
The ACFS approach configuration lift curve (Figure 4) 
clearly demonstrates’ that increased flap deflection 
increases the maximum lift coefficient. However, increased 
flap deflection also results in an increase in the drag 
coefficient. In the approach configuration, an increase in 
drag is desirable since it acts to reduce the approach 
speed. This increase in drag also has the negative effect 
of increasing the thrust required for a wave-off or 
go-around procedure, in addition to severely limiting the 
single engine capability in the approach configuration. 
Small initial deflections of fowler flaps cause 
noticeable changes in the maximum Cy, without large changes 
in Cp. As the flap deflection increases beyond 30° to 35°, 
the rate of increase in Cp will exceed that of C;,. For most 
aircraft similarly configured, the first fifty percent of 
flap deflection causes more than half of the total change in 
the maximum C,;, while the last fifty percent in flap 
deflection causes more than half of the total change in Cp 
(Ref. 2]. Figures 4 and 25 clearly point out this fact in 
the case of the ACFS. The maximum lift coefficient for the 
40° flap configuration is approximately 7 percent higher 
than that for 27° flaps. However, the lift to drag ratio, 
at the same angle of attack, for 40° flaps is approximately 


18 percent less than that for 27-9 flapse The 40° flap 


66 


LIFT to DRAG RATIO 











at 
A {Nem [Tf 
TOON 
| (Coe 






ANGLE of ATTACK (degrees) 


Figure 25. Approach Configuration Lift to Drag Ratios 
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configuration may produce a higher lift coefficient, but the 
penalty of the dramatic increase in drag is such that the 
lift to drag ratio, a measure of the efficiency of the flap 
configuration, is reduced to a value well below that for the 


27° flap configuration. 


B. TEST PROCEDURES AND RESULTS 

The first step in the determination of approach and 
landing speeds for the ACFS is the establishment of the 
stall speeds. This procedure is described in detail in 
Chapter 2 of the report. The following transport aircraft 


criteria were applied to compute approach and landing speeds 


[Ref. 3]: 
Vapp = 1-3 Vg (35) 
and 
Ving) =. lealemue (36) 
where 
Vapp = approach speed 
Ving = landing speed. 


Figure 26 contains the approach and landing speeds for flap 
settings of 27° and 40° for each ACFS gross’ weight 


select ron. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 


The ACFS is ae efull-mission flight simulator which 
provides an excellent platform in which emerging flight 
systems and aircrew performance can be critically evaluated. 
As such, the aerodynamic performance model of the ACFS 
realistically represents that of current day, medium range 
transport aircraft. There are, however, two areas which 
should be modified in order to more closely model the 
projected capabilities of the 1995 transport aircraft that 
the simulator was designed to represent. These two areas 
are the lift characteristics in the approach configuration, 
and the engine static thrust available and corresponding 
thrust lapse rate. 

Figure 27 [{Ref. 10] shows the maximum lift capability 
(as represented by Cy, max) of selected transport aircraft in 
the approach configuration through the year 1975. Due to 
advances in both trailing edge and leading edge high lift 
devices, the Cy, max has steadily risen to values exceeding 
3 Oe During the stall tests conducted in the ACFS, the 
value of Cy, max at the 40° flap configuration was found to 
be 2.08. A comparison of the lift capability of the ACFS 
with that of today's newest medium range transports (Figure 
28) indicates that the high lift devices on the ACFS are not 


as effective as those currently employed on other similar 
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ACFS LIFT COMPARISON 
(Approach Configuration) 


AIRCRAFT |MAXIMUM COEFFICIENT 
TYPE of LIFT 


ACFS 
B-757 
B-737-200 
DC-10 
A300 


A310 





Figure 28. ACFS Lift Comparison 


G2 


pibetart (Ret. Ihjme Aareview of equation (1) indicates that 
the stall speed is indirectly proportional to the value of 
Cl, max: A higher value of Cy, max for the ACFS would 
decrease the stall speed, and in turn lower the take-off, 
approach and landing speeds. It is recommended that the 
portion of the aerodynamic software model of the ACFS 
dealing with the leading and trailing edge devices be 
investigated to determine if higher values of Cy, may can be 
obtained in the approach configuration. 

The ACFS take-off performance tests produced extremely 
short take-off roll distances, indicative of an excess 
amount of thrust available at sea level. At the maximum 
gross take-off weight of 220,000 pounds (on a standard day 
at sea level), the ACFS has a take-off roll of 3695 feet. 
By comparison, the Boeing 757 at the same weight and 
conditions has a take-off roll of 5600 feet (Ref. 11]. The 
thrust-to-weight ratios for the two aircraft at that weight 
are .38 and .34, respectively. It would appear that the 
obvious solution to bring the propulsion model of the ACFS 
more lim Line with current transport aircraft is to simply 
reduce the static thrust available. However, a review of 
the climb performance test results indicates that the thrust 
available at higher altitudes, where this type of aircraft 
is designed to operate, is not overly excessive, as 
indicated by a maximum rate of climb potential of 600 ft/min 


ferea 185,000 pound aircraft at 41,000 feet. 


1 


Prior to the arrival of the high bypass turbofan engine, 
aircraft powered by conventional turbojet engines’ and 
designed for long range operations were confronted with the 
Situation described above. In order to provide for adequate 
thrust available at altitude, the aircraft was overpowered 
on the ground, and was often required to take-off at a 
reduced power setting so as not to exceed engine RPM and 
temperature limits. Today, because of the dominant concern 
for efficient fuel consumption in transport aircraft, the 
optimum design favors the use of a turbofan engine with a 
high bypass ratio and a low fan pressure ratio. [Ref. 12] 

In Reference 13, a method for estimating the variation 
of thrust available with Mach number and altitude is 
offered in the form of an algebraic equation that has been 
extrapolated from both existing data of published engine 
performance curves and predicted data based on future engine 


advances: 


ao = [.568 + .25(1.2-M)3} 0-6 (7) 
where 
a = engine thrust lapse rate 
M = Mach number 
o = density ratio. 
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Equation (37) is based on the expected performance of high 
bypass turbofan engines (operating at a Mach number less 
than .9) in the year 1990 and beyond. Figure 29 presents a 
comparison between the actual thrust available for the ACFS 
(as a function of altitude) and the proposed thrust, 
computed with the aid of equation (37). Both thrust models 
have a static sea level thrust of 83,000 pounds; however, 
the proposed thrust available at altitude, at a constant 
Mach number, is significantly higher than the actual ACFS 
thrust available. This is que to the optimization of 
several engine design parameters, such as bypass ratio, fan 
pressure ratio, and overall pressure ratio. 

It is recommended that a review of the current ACFS 
propulsion model be conducted for the purpose of optimizing 
the thrust available. A reduction in static sea level 
thrust, coupled with a modification in the thrust lapse 
rate, will reduce both the weight of the engine and its 
thrust specific fuel consumption, thereby increasing the 


overall range of the aircraft. 


TS 
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40000 
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30000 
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20000 
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Figure 29. ACFS Thrust Lapse Rate Comparison 
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APPENDIX A 


ACFS DESIGN CHARACTERISTICS 


ACFS PERFORMANCE COMPARISON 


with BOEING 757 and AIRBUS 320 
(sea level, standard day) 


WING SPAN (ft) 

ASPECT RATIO 

FUSELAGE LENGTH (ft) 
WING AREA (sq ft) 

WING SWEEP (deg) 
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MAX. GROSS WEIGHT (lbs) 


EMPTY WEIGHT (lbs) 


MAX. ZERO FUEL WT. (Ibs) 


WING LOADING (psf) 
THRUST to WEIGHT RATIO 
TOTAL THRUST (lbs) 
MAX. FUEL (lbs) 


MAX. RANGE (naut m1) 
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APPENDIX B 


FORTRAN COMPUTER CODE 


Several lines of code were inserted into the ACFS flight 


dynamics program in order to facilitate data reduction. The 


calculated variables used in the additional code are defined 


as follows: 


TIME: 


QBARS: 


DRAG: 


PSUBS: 


TAVG1: 


TAVG2: 


TSEEr; 


TSorc: 


RHOS s 


Time Lig! seconds; used primarily in the 
determination of take-off ground roll. 


Pressure force in pounds. It is the product of 
dynamic pressure (ENQ) and wing surface area 
CAGGS)". 


Drag force in pounds. It is the product of the 
total drag coefficient (AOCD) and QBARS. It is 
measured with respect to the stability axis. 


Specific excess power in feet per second. It is 
used in the determination of rate of climb 
potential. 


The average actual fuel flow per engine in pounds 
per hour. It is used in the calculation of thrust 
specific fuel flow (TSFF). 


The average net thrust per engine in pounds. It 
is also used in the calculation of TSFF. 


Thrust specific fuel flow in pounds of fuel per 
second per pound of thrust. It is used in the 
calculation of the Breguet range equation. 


Thrust specific fuel consumption in pounds of fuel 
per hour per pound of thrust. It is a common 
measure of engine efficiency. 


The square root of the product of ambient air 
density (ENRHO) and wing surface area (AOS). aie 
is a temporary storage variable used in the 
Brequet equation. 


1 


TAOCL: The square root of the lift coefficient (AOCL). 
It is also used in the Breguet equation. 


WOWF: The difference between the square root of the 
actual gross weight and the square root of the 
zero fuel gross weight. It is also a temporary 


storage variable used in the Brequet equation. 
RANGE: Range in nautical miles. It is the solution of 
the Breguet equation, and is a prediction of the 
optimal range obtainable based on zero excess 
power and constant TSFF. 
The actual calculations are accomplished within the 


program as follows: 


TIME = TIME + QESIK 
where: 
QESIK is the frame time constant in seconds 
QBARS = ENQ * AOS 
where: 
ENQ is the dynamic pressure in pounds per square 
Hooter 
AOS is the wing surface area in square feet. 
DRAG = AOCD * QBARS 
PSUBS = ((PREXFOR * FDCALP - DRAG) * FDTAS) /WRGRWT 
where: 


PREXFOR is the total aircraft x-axis force due to 


thrust, in pounds. Since the engine incidence 
angle is zero, it is therefore the total thrust 
force. 


FDCALP is the cosine of the angle of attack. It is 
used to obtain the thrust component parallel to 
the relative wind. 


80 


where: 


where: 


where: 


FDTAS is the aircraft true airspeed in feet per 
second. 


WRGRWT is the aircraft total gross weight in 
pounds. 


TAVGL = (PRFF(1) + PRFF(2)) / 2.0 


PRFF(1i) is the actual fuel flow in pounds of the 
ith engine. 


TAVG(2) = (PRTHRUS(1) + PRTHRUS(2))/2.0 


PRTHRUS(i) is the net thrust in pounds of the ith 


engine. 
TSFF = TAVG1/3600.0/TAVG2 
TSFC = TAVG1/TAVG2 
RHOS = ASQRT (ENRHO * AOS) 
TAOCL = ASORT (AOCL) 
WOWF = ASQRT (WTGRWT) - 


ASORT (WTGRWT - WTFULWT) 


WTFULWT is the remaining fuel weight in pounds. 


RANGE = (2.828 * TAOCL * WOWF)/ 
(TSFF * AOCD * RHOS * 6080.2) 
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APPENDIX € 


ACFS PERFORMANCE CHARTS 


ACFS STALL AIRSPEEDS 
APPROACH CONFIGURATION 


FLAP SETTING 
KNOTS (IAS) 
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APPENDIX D 
ACFS PERFORMANCE TEST DATA 
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